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Abstract. Interpretatiorof D-mesondecay-dynamicfiasrevealeditself to be stronglydependent
onourunderstandingf thelight-mesorsector Theinterplaybecomegparticularlyevidentin Dalitz
plot analysedo studyphysicswithin andbeyondthe StandardModel. Experienceandresultsfrom
FOCUSarepresentednddiscussedA brief updateof the pentaquarlsearchn the experimentis
alsoreported.
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INTRODUCTION

Dalitz analysesarelargely appliedin modernhigh-enegy experimentdo studyHeary
Flavor hadronicdecayshut alsoto performprecisemeasurementsf the CKM matrix
elementsand searchfor new physics.ParadigmaticexamplesareB — pm andB —
D®K ) for theextractionof thea andy anglesof the Unitarity Triangle.Theextraction
of a in B — pmrequiredfiltering the desiredintermediatestatesamongall the possible
(rr) 1T combinations,e.g. o, fo(980)7 etc. The extraction of y in B — D*K(*)
requiresjn turn, modelingthe D amplitudes.The it andK 11 S-wave arecharacterized
by broad, overlappingstates:unitarity is not explicitly guaranteedy a simple sum
of Breit—Wigner functions. In addition, independentlyof the nature of the g, it is
not a simple Breit-Wigner The fy(980) is a Flatté-like function, and its lineshape
parametrizatiomeedsprecisedeterminatiorof KK and 7t couplings.Recentanalyses
of CP violation in the B — DK channelfrom the beautyfactoriesneeded two ad hoc
resonanceto reproducehe excessof eventsin the it spectrumponeat the low-mass
thresholdtheotherat1.1GeV? [1, 2]. This proceduref “effectively” fitting datainvites
aword of cautionon estimatinghe systematic®f thesemeasurementé questiorthen
naturallyarises:n the eraof precisemeasurementslo we know sufficiently well how
to dealwith strong-dynamiceffectsin the analyses?Ve have facedparametrization
problemsin FOCUSandlearntthatmary difficulties arealreadyknown andstudiedin
differentfields, suchas nuclearand intermediate-engy physics,wherebroad, multi-
channel,overlappingresonancesre treatedin the K-matrix formalism[3, 4, 5]. The
effort we have madeconsistedmainly in building a bridgeof knowledgeandlanguage

1 onbehalfof the FOCUSCollaboration(http://www-focus.fnal.gu/)



to reachthe high-enegy community;our pioneeringwork in the charmsectormight
inspirefuture accuratestudiesin the beautysector FOCUSDalitz plot analysesf the
D+,Ds— " " andof theD™ — Kt it will bediscussed.

The collaborationhasalsotakena complementaryon-parametri@approacho mea-
suringthe K~ i amplitudein the D™ — K~ K™ ™ decayusinga projective weighting
techniqueResultswill bepresented.

THE D™ AND Dg — " " AMPLITUDE ANALYSIS

The FOCUScollaboratiorhasimplementedhe K-matrix approactin theDg andD™ —
mtt analysesResultsanddetailscanbe foundin [6]. It wasthe first application
of this formalismin the charmsector In this model[5], the productionprocessij.e,
the D decay canbe viewed as consistingof aninitial preparatiorof states,described
by the P-vector, which then propagatesaccordingto (I —iKp)~1 into the final one.
The K-matrix hereis the scatteringmatrix andis usedasfixed input in our analysis.
Its form was inferred by the global fit to a rich set of dataperformedin [7]. It is
interestingto note that this formalism, besiderestoringthe properdynamicalfeatures
of theresonancesllows for theinclusionin D decaysof the knowledgecomingfrom
scatteringexperimentsj.e, anenormousamountof resultsandscience No re-tuningof
the K-matrix parametersvas needed.The confidencdevels of the final fits are 3.0%
and 7.7% for the Ds and D" respectiely. The resultswere extremely encouraging
sincethesameK-matrix descriptiongave acoherenpictureof bothtwo-bodyscattering
measurements light-quarkexperimentsaswell ascharm-mesodecay Thisresultwas
notohviousbeforehandiFurthermorethe samemodelwasableto reproducdeatureof
theD™ — "t Dalitz plot, shovn in fig.1, thatwould otherwiserequirean ad hoc
o resonanceT he bettertreatmenbf the Swave contribution provided by the K-matrix
model was able reproducethe low-massmt i~ structureof the D™ Dalitz plot. This
suggestshatary o-like objectin theD decayshouldbe consistentvith thesameo-like
objectmeasuredn 7" 7T scattering.
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FIGURE 1. FOCUSDalitz-plot projectionsfor Ds andD*to threepionswith fit resultssuperimposed.
Thebackgroundshapeunderthe signalis alsoshown.

Further consideration@nd conclusionsfrom the FOCUS three-pionanalysiswere
limited by the samplestatistics,i.e. 14754 50 and 1527+ 51 eventsfor Ds and D™
respectrely.

We consideredmperatve to testthe formalismat higherstatistics.This wasaccom-
plishedby theD™ — K~ it analysis.



THE D™ — K~ ™ AMPLITUDE ANALYSIS

TherecentFOCUSstudyof theD*t — K~ " ™ channelusess3653Dalitz-plot events
with a signalfraction of ~ 97%, and representshe higheststatistics,mostcomplete
Dalitz plot publishedanalysidor this channellnvariantmassandDalitz plotsareshavn
in fig.2. Detailsof theanalysismaybefoundin [8].
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FIGURE 2. TheD* — K~ mtn™ Dalitz plot (left) andmassdistribution (right). Signalandsideband
regionsareindicated:sidebandareat +-(6—8) o from the peak.

An additional complicationin the Kt systemcomesfrom the presencdn the S
wave of the two isospinstates,| = 1/2 and | = 3/2. Although only thel = 1/2 is
dominatedby resonancesothisospincomponentsreinvolvedin the decayof theD™
mesoninto K~ rrt rrt. A modelfor the decayamplitudesof thetwo isospinstatessanbe
constructedromthe2 x 2 K-matrix describinghel = 1/2 Swave scatteringn (K1),
and(Kn'), (with thesubscriptsl and2, respectiely, labellingthesetwo channels)and
the single-channeK-matrix describingthe| = 3/2 K- — K~ mrt scattering The K-
matrix form we useasinput describeghe Swave K~ ™ — K~ ™ scatteringrom the
LASS experiment[9] for enegy above 825MeV andK~m~ — K~ 1 scatteringfrom
Estabrookset al. [10]. The K-matrix form follows the extrapolationdown to the Kt
thresholdfor both| = 1/2 andl = 3/2 Swave componentdy the dispersve analysis
by Buttiker et al. [11], consistentwith Chiral PerturbationTheory[12]. The total D-
decayamplitudecanbe written as

M = (Fuy2),(9) + Fya(9) + 3 aj €% B(abelr), (1)
J

wheres= M?(K ), (F1/2), andF3 , representhel = 1/2andl = 3/2 decayamplitudes
in the KT channel,j runsover vectorand spin-2tensorresonanceand B(abc|r) are
Breit—-Wignerforms. The J > 0 resonanceshould,in principle, be treatedin the same
K-matrix formalism. However, the contribution from the vector wave comesmainly
from the K*(892) state,which is well separatedrom the higher masskK*(1410 and
K*(1680), andthecontribution from thespin-2wave comesrom K3 (1430) alone.Their



contributionsarelimited to smallpercentagesind,asa first approximationthey canbe
reasonablydescribedby a simple sum of Breit—\Wigners.More preciseresultswould
require a bettertreatmentof the overlappingK*(1410) and K*(1680 resonancess
well. In accordancevith SU(3) expectationsthe couplingof the Kt systemto Kn) is
supposedo be suppressedndeedwe find little evidencethatit is required.Thusthe
Fy /> form for theKmr channels

(Fu2)1 = (1 —iKy/20)1} (Pyy2);, (2)

wherel is theidentity matrix, Ky, is the K-matrix for thel = 1/2 S-wave scatteringn
KmrandKn’, p is the correspondingphase-spacmatrix for the two channeld4] and
(Py/2)j is the productionvectorin thechannel;.

Theformfor F3, is

F32 = (1 —iK3/20) P2, 3)

whereKs /5 is thesingle-channedcalarffunctiondescribinghel = 3/2 K-t — K-t
scatteringandPs; is the productionfunctioninto K.

The P-vectors are in generalcomplex reflecting the fact that the initial coupling
Dt — (K‘n*)7@'[,(3(;&,,10r neednotbereal. Their functionalformsare:

ef R .
(P/2)1= Bsfl_ g T (Co+cuS+ c128")e (4)
ef R .
(P1/2)2 = BS:?Z_ s + (C20+ Co1S+ C22/52)e|y2 (5)
P3/2 = (C0-+ Ca15+ €328 €. (6)

Be? is the complex coupling to the pole in the ‘initial’ productionprocessg; and
02, S1 and s, are the K-matrix couplingsand poles. The polynomialsare expanded
aboutS§= s— s, with sc =2 Ge\? correspondingo the centerof the Dalitz plot. The
polynomialtermsin eachchannelare chosento have a commonphasey to limit the
numberof free parametersn the fit and avoid uncontrolledinterferenceamongthe
physicalbackgrounderms.Coeficientsand phasesf the P-vectors arethe only free
parameter®f the fit determiningthe scalarcomponentsK T scatteringdetermineghe
parametersf the K-matrix elementsandthesearefixedinputsto this D-decayanalysis.
Freeparameter$or vectorsandtensorsareamplitudesandphasega; and ). Table 1
reportsour K-matrix fit results.It shavs thatquadratictermsin (Py/»)1 aresignificant
in fitting data,while in both (P/»)2 andP;/, constantsaresufficient. The J > 0 states
requiredby thefit arelistedin table2.

The Swave componentaccountsfor the dominantportion of the decay(83.23+
1.50)%. A significant fraction, 13.61+ 0.98%, comes,as expected,from K*(892);
smaller contributions come from two vectorsK*(1410 and K*(1680 and from the
tensorK;(1430). It is corventionalto quotefit fractionsfor eachcomponentindthisis
whatwe do. Careshouldbetakenin interpretingsomeof thesesincestronginterference
canoccur This is particularlyapparenbetweencontributionsin the same-spirpartial



TABLE 1. Swave parameterdrom the K-matrix fit to the FOCUS
Dt — K—m"mr™ data. The first error is statistic, the seconderror is
systematidrom the experiment,andthe third is systematidnducedby
modelinput parametergor higher resonancesCoeficients are for the
unnormalizeds-wave.

coefficient phase(deg)

B =3.389+0.152+ 0.002+ 0.068 0 =286+4+0.3+3.0
C10 = 1.6554+0.156+0.010+0.101 Y1 =304+6+04+5.8
€11 = 0.780+0.09640.0083+0.090

C12 = —0.954+£ 0.058+ 0.0015+0.025
Co0=17182+1.036+0.023+0.362 »=126+3+0.1+1.2
C30=0.734+0.080+0.005+£0.030 y3=211+10+0.7+7.8

Total Swave fit fraction= 83.23+ 1.50+ 0.04 £+ 0.07 %
Isospinl/2fraction = 207.25+ 25.45+1.81+12.23%
Isospin3/2fraction = 40.50+9.634+0.55+3.15%

TABLE 2. Fit fractions,phasesand coeficientsfor the J > 0 compo-
nentsfrom the K-matrix fit to the FOCUSD' — K~ m* it data.Thefirst
erroris statistic,the seconderroris systematidrom the experiment,and
thethird erroris systematiénducedby modelinput parameteror higher

resonances.

component fit fraction (%) phased; (deg) coefficient

K*(892) " 13.614+0.98 0 (fixed) 1 (fixed)
+0.01+0.30

K*(1680) 1™ 1.90+0.63 1+7 0.373+0.067
+ 0.009+0.43 +0.1+6 =+ 0.0094+0.047

K3 (1430 " 0.39+0.09 296+ 7 0.169+0.017
+ 0.004+0.05 +0.3+1 + 0.010+0.012

K*(1410 t" 0.48+0.21 293+ 17 0.188+0.041

+ 0.012+0.17 +04+7 + 0.002+0.030

wave. While the total S'wave fraction is a sensitve measureof its contritution to the
Dalitz plot, the separatdit fractionsfor | = 1/2 andl = 3/2 mustbetreatedwith care.
The broadl = 1/2 Swave componentinevitably interferesstrongly with the slowly
varying|l = 3/2 S'wave, asseenfor instancein [13]. Fit resultson the projectionsare
showvnin fig. 3.

Thefit x?/d.o.fis 1.27 correspondingo a confidenceevel of 1.2%. Our adaptve
binningschemes shavn is fig 4 If thel = 3/2 components removedfrom thefit, the
x2/d.o.fworsengo 1.54,correspondingo a confidencdevel of 10~°.

Theseresultscan be comparedwith thoseobtainedin the effective isobarmodel,
consistingin a sumof Breit Wigners,which cansene asthe standardor fit quality.
Two ad hoc scalarresonancearerequired,of mass856+ 17 and 1461+ 4 andwidth
464+ 28 and 177+ 8 MeV/c? respectiely to reproducethe dataandreacha x2/d.o.f
is 1.17, correspondingo a C.L of 6.8%. A detaileddiscussionof the resultsandthe
systematiceanbefoundin [8]. A featureof the K-matrix amplitudeanalysisis thatit
allowsanindirectphaseaneasuremertf theseparatésospincomponentst isthisphase
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FIGURE 3. The Dalitz plot projectionswith the K-matrix fit superimposedThe backgroundshape
underthe signalis alsoshown.
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FIGURE 4. Theadaptvebinningscheme.

variationwith isospinl = 1/2 thatshouldbe comparedwith the samel = 1/2 LASS
phase extrapolatedfrom 825 GeV down to thresholdaccordingto Chiral Perturbation
Theory Thisis donein theright plot of fig. 5. In this model[5] the P-vector allows for
a phasevariationaccountingfor the interactionwith thethird particlein the processof
resonancéormation.lt sohappenghatthe Dalitz fit givesa nearlyconstangproduction
phaseThetwo phasesn fig. 5b) have the samebehaiour upto ~ 1.1 GeV. However,
approachingKn’ threshold effects of inelasticity and differing final stateinteractions
startto appear The differencebetweenthe phasesn fig. 5a) is dueto the | = 3/2
component.
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FIGURE 5. Comparisorbetweerthe LASS| = 1/2 phase+ ChPT (continousline) andthe F-vector
phaseqwith +10 staticalerror bars);a) total F-vector phaseb) | = 1/2 F-vector phase The vertical
dashedine shavsthelocationof theKn'.

Theseresultsareconsistentvith Kt scatteringdata,andconsequentlyvith Watsons
theorenpredictiondor two-bodyK rrinteractionsn thelow K mmassegion,upto~ 1.1
GeV, whereelasticprocessedominate This meanghatpossiblethree-bodyinteraction
effects,notaccountedor in the K-matrix parametrizationplay a mamginal role. The K-
matrix form usedin this analysisgenerateshe S'matrix poleE = M — il /2 = 1.408—
i0.110 GeV. Any more distantpole than K;(1430) is not reliably determinedas this
simpleK-matrix expressiordoesnot have the requiredanalyticity propertiesHowever,
our K-matrix representatiofits alongthereal enegy axisinputson scatteringdataand
Chiral PerturbationTheoryin closeagreementvith thoseusedin [14], which locates
the k with a massof (658+ 13) MeV and a width of (557+ 24) MeV by careful
continuationThesepoleparameterarequitedifferentfrom thoseimplied by thesimple
isobarfits. We have thus shovn that whatever k is revealedby our D™ — K=t ™
results,t is thesameasthatfoundin scatteringdata.

A NON-PARAMETRIC APPROACH TO DETERMINE THE K~ m*
AMPLITUDE IN D" — K~K*m"™ DECAY

While making the effort of refining the amplitudeformalism, FOCUS identified the
DT — K~K* ™ asanideal caseto applythe projective weightingtechniquedeveloped
in the semi-leptonicsector{15] to the hadronicdecayswith no needto assumespecific
Breit-Wigner resonancedporms for massdependentvidths, hadronicform factorsor
Zemachmomentunfactors Detailscanbefoundin [16]. Theold E687Dalitz plot anal-
ysis[17] concludedthatthe obsened Dt — K~K ™t Dalitz plot could be adequately
describedy justthreeresonantontritutions: g™, K+K*(892) andK tK*,(1430). Al-



though @rr* is an importantcontrikution, the @ is a very narrov resonancehat can
be substantiallyremoved througha cut on my+x -, i.e Mg+x— > 1050 MeV/c?. Since
thereis no overlapof the ¢ bandwith the K* and mostof the kinematicallyallowed
K*0(1430) region, thereis a relatively smalllossof informationfrom the anti-g cut; of
coursecarefulsystematicevaluationfor residualK K~ contritutionsandbiasare per
formed.In the absencef the K“K™ resonancesye canwrite the decayamplitudein
termsof my— -+ = mandthehelicity decayanglef Thus

s,p.d...

A= Z A (m)dyo(cosh), (7)

Whered(')o(cose) aretheWignerd-matriceslescribingheamplitudefor ak = ™ system
of angularmomentum to simultaneoushhave 0 angularmomentumalongits helicity

axisandthe K~ ™ decayaxis. This techniqués anintrinsically one-dimensionahnal-
ysis. The decayintensityassumingfor simplicity, thatonly S andP-wavesarepresent,
is

|A|? = |S(m) + P(m) cosB|? = |S(m)|? + 2Re{S" (M)P(m)} cosd + |P(m)|2co< 6, (8)
Theapproachs to divide cosf into twentyevenly spacedangularbins. Let

5) = (in]_,i n2...in20) (9)

be a vectorwhose20 componentgyive the populationin datafor eachof the 20 cosf
bins. Here' specifiesthe i"my -+ bin. Our goalis to representhe D vectorin eq.9
as a sumover the expectedpopulationsfor eachof the three partial waves. For this
simplified casethereare three suchvectorscomputedfor eachmy -+ bin, {' g} =
(‘Mss, Mep,' Mipp).

Each'm, is generatedising a phase-spacandfull detectorsimulationfor D™ —
K-K*mt decaywith oneamplitudeturnedon, andall the othersturnedoff. We then
use a weighting techniqueto fit the bin populationsin the datato the form D =
Fss(my)' Mss+ Fsp(my)' Migp + Fpp(my)' Mpp. Whenincluding the D-wave aswell, the
resultsappeailjust asfive weightedhistogramsn the mg -+ mass,asin fig. 6, for the
five independenamplitudecontributions. B

Thecurvesin fig. 6 arethemodelusedin E687but with aK*p(1430) ad hoc arranged
to fit the data,i.e representechs a Breit Wigner with a pole at my=1412 MeV/c?
and a width of ' = 500 MeV/c?, not consistentwith the standardPDG K*o(1430)
parametrizatiomsedoy E687.Thisanalysigevealsoncemore,how subtletheinclusion
of the broadS-wave resonancesm charmDalitz analysiscanbe. Althoughthe D™ —
K-K*m" is anideal case,it might be possibleto extend the analysisto the Dg —
K-K*mt decay aswell asD® — KTK~K® and hadronicfour body decayssuchas
DO — K- Ktmtm — et .
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FIGURE 6. This figure compareshe five projectedamplitudesobtainedaccordingto their angular
dependencéerror bars)with the E687 modelproperly corrected asexplainedin the text, to matchthe
data(redcurves).Theplotsare:a) S? directterm,b) 2 Sx P interferenceaerm,c) P? directterm,d)2 PxD
interferenceermande) D? directterm.

SEARCH FOR PENTAQUARK CANDID ATES

TheFOCUScollaboratiorsearchedor thecharmedd?(cuudd) pentaquarkandidaten
thedecaymodes®? — D*~p and®? — D~ p [18]. No evidencefor a pentaquarlat 3.1
GeV/c? or at ary masslessthan4 GeV/c2 wasobsered. More recentlythe searchwas
extendedto two othercandidates®™ (Suudd) — pK{ [19] and ¢~ (1860)(ssddu) —
=~ [20]. Having foundno evidence Jimits werecalculatedThe®* productioncross
sectionwas normalizedto >*(1385* andK*(892)* becausehe reconstructediecay
modesof the particlesz*(1385* — At andK*(892)*+ — K3t arevery similar,

in termsof topologyand enegy releaseto the S|gnal The 95 % C.L upperlimits of

G(O+)-BR(@+—>pK ) o1)-BR(O* —>pK )
oo XS < 0.00012(0.00029)and X LBRO S 0,0042(0.0099)were

estimatedfor a naturalwidth of 0 and 15 MeV/c? in the good acceptanceegion of
the detector, i.e. for parentparticleswith momentaabove 25 GeV/c. Analogously
the upperlimit was calculatedfor the =~ (¢~ (1860)) candidatewith respectto the

=*(1530° — = mrt obtaining 9(Zs )FR((153(;)‘ ™) < 0.007(0.019)for anaturalwidth
of 0 (15) MeV/c2.




CONCLUSIONS

Dalitz-plotanalysigepresentaunique powerful andpromisingtool for physicsstudies
within andbeyondthe StandardModel; howeverto performsuchsophisticateanalyses,
we needto modelthe stronginteractioneffects. FOCUShasperformedpilot studiesin
the charmsectorthroughthe K-matrix formalism and hasstartedan effort to identify
channelswhere non-parametri@pproachesan be undertalen. What hasbeenlearnt
from charmwill bebeneficialfor futureaccuratebeautymeasurements.
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